Small cell lung cancer (SCLC) cell lines specifically express ganglioside GD2, and anti-GD2 monoclonal antibodies (mAbs) caused suppression of cell growth and induced apoptosis of SCLC cells with single use. Here, enhancement of the cytotoxic effects of various anti-cancer drugs with an anti-GD2 mAb was demonstrated. The cytotoxicity of all six drugs examined was markedly enhanced, i.e. 2.4-7.8-fold increase of cell sensitivity in terms of IC 50 . In particular, the combination of cisplatin (CDDP) with an anti-GD2 mAb resulted in prominent enhancement of cytotoxicity even in low-moderate GD2-expressing lines. The anti-GD2 mAb induced weak activation of c-Jun terminal kinase (JNK) in SCLC cells, and all anti-cancer drugs also induced its activation to various degrees. When CDDP and an anti-GD2 mAb were used together, significantly stronger JNK activation was observed corresponding to the cytotoxic effects, suggesting that synergistic phosphorylation of JNK with two reagents induced prominent apoptosis. The essential role of JNK in the induction of SCLC apoptosis with CDDP and anti-GD2 mAb was confirmed by experiments with a JNK inhibitor, curcumin. These results suggest that anti-GD2 mAbs would be very efficient in combination with anti-cancer drugs, both to achieve SCLC-specific cytotoxicity and to enhance its magnitude.
Gangliosides are enriched in nervous tissues of vertebrates 1) and their expression is spatio-temporally regulated. 2) In human malignant tumor cells, neuroectodermderived tumor cells such as melanomas, neuroblastomas, and gliomas frequently express characteristic gangliosides for individual tumor types. [3] [4] [5] [6] Sarcomas, 7) gastric cancers, 8, 9) T cell leukemias [10] [11] [12] and small cell lung cancer (SCLC) cells 13) also express specific gangliosides. Specific monoclonal antibodies (mAbs) to these tumor-associated ganglioside antigens have been utilized for diagnosis, 14, 15) prediction of the prognosis, 16, 17) and detection of residual tumors. 18) In particular, anti-ganglioside mAbs have been tried for immunotherapy of melanomas 19, 20) and neuroblastomas. 21) During the early stage of mAb application, anti-GD3 mAb R24 was used for the first time in the treatment of recurrent melanomas, and showed the ability to reduce the tumor size or halt the progression. 19) Anti-GD2 mAb was also applied in the treatment of neuroblastomas to extend remission. 22) Moreover, a human mAb reactive with GD2 was tried for cutaneous melanomas with some effects. 20) However, further development of antibody therapy has not been successful mainly due to xenogeneic immunogenicity of mouse antibodies and poor penetration of antibodies into tumor tissues.
Recently, application of mAbs for the treatment of various cancers has been re-evaluated based on the progress in recombinant molecular technology and protein engineering with site-directed mutagenesis. Anti-c-erbB2/HER2/neu mAb was used in the therapy of advanced stages of breast cancers 23) and anti-CD20 mAb for B cell lymphomas, 24) and many more applications of mAbs in the therapy of intractable malignant tumors are now expected. 25) Several studies have suggested that gangliosides are involved in tumor cell adhesion, 26, 27) proliferation, 28, 29) motility, 29) and metastasis. 30) We also demonstrated that ganglioside GD2 is characteristically expressed on SCLC cells and is involved in proliferation and invasion. 31) Furthermore, we elucidated that anti-GD2 mAb could induce apoptosis of SCLC cells via activation of caspases. These results suggest that gangliosides play important roles in tumor phenotypes, and provide a rationale for a strategy of targeting gangliosides in cancer immunotherapy.
In the present study, we examined the effects of anti-GD2 mAb on the chemotherapy of SCLC, and showed that the mAb exhibited supra-additive effects on the action of various anti-cancer drugs. Furthermore, we show here that the combination of anti-GD2 mAb and anti-cancer drugs induced marked activation of c-Jun terminal kinase (JNK), leading to apoptosis much more strongly than when either agent was used alone. These results suggested that combination chemo-immunotherapy with anti-GD2 mAb is a promising approach to overcome intractable SCLC.
In this paper, ganglioside nomenclature is based on that of Svennerholm.
32)

MATERIALS AND METHODS
Cell lines All human lung cancer cell lines were provided by Dr. T. Takahashi (Aichi Cancer Center Research Institute, Aichi) and were maintained in RPMI 1640 containing 10% fetal bovine serum in a humidified 5% CO 2 atmosphere at 37°C. To prepare the GD2 expressants (D-18 cells), human α 2,8-sialyltransferase expression vector 33) was transfected into SCLC SK-LC-17 cells using "Lipofectamine" (Life Technologies, Inc., Rockville, MD). Stable transfectants were selected with 250 µg/ml G418 (Life Technologies, Inc.). Drugs and chemicals Cisplatin (CDDP), doxorubicin, etoposide and paclitaxel were purchased from Sigma Chemical Co. (St. Louis, MO), SN-38 was provided by Daiichi Co. (Tokyo), and vinorelbine was obtained from Kyowa Hakko Kogyo Co., Ltd. (Tokyo). The anti-GD2 mAb (mAb 220-51, mouse IgG3) was generated in our laboratory. 34) This antibody was purified using a Protein G affinity column, and the concentration of the protein was determined by Lowry's method. 35) Experimental design for drug testing We used the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay as described previously. 31) In brief, cells (8×10 4 cells/well) were prepared in 48-well plates in serum-containing medium and treated with or without 20 µg/ml of mAb 220-51, at 2 h before various anticancer drugs, appropriately diluted, were added. Following exposure to drugs for 48 h, MTT (Sigma Chemical Co.) was added to each well (0.5 mg/ml). After incubation for 2 h at 37°C, the supernatants were aspirated, and 100 µl of npropyl alcohol containing 0.1% NP-40 and 4 mM HCl were added. The color reaction was quantitated using an automatic plate reader Immuno-Mini NJ-2300 (Nihon InterMed, Tokyo), at 590 nm with a reference filter of 620 nm. MTT assays were carried out in triplicate. For nonadherent SCLC lines, cells (5×10 4 cells/well) were prepared in 96-well plates in serum-containing medium and treated as described above, and then used for the MTT assay. In this case, lysis buffer (n-propyl alcohol with 0.1% NP-40 and 4 mM HCl) was added to each well without aspiration of the medium. Actual IC 50 values, which were the concentrations of the drugs needed to produce 50% growth inhibition, were obtained from growth curves after exposure of cells to various concentrations of the drugs. IC 50 s were determined as the means of three independently performed assays. Flow cytometry The cell surface expression of ganglioside GD2 was analyzed by FACScan (Becton Dickinson, Mountain View, CA) using anti-GD2 mAb (mAb 220-51). The cells were incubated with anti-GD2 mAb for 45 min on ice and then stained with FITC-conjugated goat antimouse IgG (Cappel, Durham, NC). Control cells for flow cytometry were prepared using the second antibody alone. For quantification of positive cells, the CELLQuest program was used. Western immunoblotting Cells (9×10 5 cells) were plated in 60-mm tissue culture plates in serum-containing medium and then stimulated with various agents. After treatment, cells were harvested with 0.02% EDTA, washed twice with ice-cold PBS and solubilized in lysis buffer (20 mM Tris-HCl pH 7.4, 1% NP-40, 10% glycerol, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, and 20 units/ml aprotinin). Soluble proteins (50 µg/lane) were subjected to 10% or 15% SDS-PAGE and then transferred onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA). The membrane was incubated with 5% dry milk in PBS overnight at 4°C, washed with PBS containing 0.05% Tween 20 and then incubated with antibodies reactive with either JNK, phospho-JNK (Cell Signaling Technology, Beverly, MA) or active caspase-3 (Pharmingen, San Diego, CA). Bands were detected with peroxidase-conjugated anti-rabbit IgG (Cell Signaling Technology) combined with an ECL kit (Amersham Pharmacia Biotech, Uppsala, Sweden). DNA fragmentation assay Cells (3×10 6 cells) were treated with or without 20 µg/ml of mAb 220-51 in the presence of 50 µM CDDP. After 48 h, cells were harvested and lysed in 100 µl of lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM EDTA, and 0.5% Triton X-100) for 10 min at 4°C. After centrifugation, the supernatants were collected, and 2 µl of RNAase (10 mg/ml) and 2 µl of Proteinase K (10 mg/ml) were added. After incubation for 1 h at 37°C, the fragmented DNA was precipitated in 2-propanol and electrophoresed at 50 V for 1.6 h on a 2% agarose gel containing 0.2 µg/ml ethidium bromide in TAE buffer (40 mM Tris-acetate, 1 mM EDTA). The gel was observed under UV light. TUNEL assay Cells (6×10 5 cells) were plated in 60-mm tissue culture plates in serum-containing medium and then treated with or without 80 µM CDDP, 20 µg/ml of mAb 220-51, or 5 µM curcumin (Sigma Chemical Co.) for 30 h at 37°C. After treatment, cells were harvested, fixed in 4% paraformaldehyde for 30 min at 4°C and permeabilized in 70% EtOH overnight at −20°C. Cells were then stained with FITC-conjugated terminal deoxynucleotidyl TUNEL reaction mixture (MEBSTAIN Apotosis Kit Direct; MBL, Nagoya) for 1 h at 37°C. The numbers of apoptotic cells were monitored by flow cytometry (FACScan; Becton Dickinson) and determined using the CELLQuest program. Control cells for samples with or without curcumin were prepared by treatment with curcumin alone or DMSO (solvent of curcumin), respectively. Statistical analysis Significance was determined by using Student's t test.
RESULTS
Enhancement of chemosensitivity of GD2-expressing lung cancer cells by anti-GD2 mAb
To investigate the effects of anti-GD2 mAb on chemosensitivity, the cytotoxic effects of six currently used anticancer agents, CDDP, doxorubicin, etoposide, SN-38, paclitaxel and vinorelbine, against a GD2-expressing transfectant D18 31) (95.3% positive) cells in the presence of anti-GD2 mAb were analyzed by MTT assay (Fig. 1, A-F) . Since anti-GD2 mAb alone gave 50% survival at approximately 20 µg/ml ( Fig. 2A) , we used the antibody at this concentration hereafter. In the case of CDDP, there was a great dif- ference in the dose-response curves between CDDP alone and CDDP plus anti-GD2 mAb combination treatment (Fig. 1A) . Taking into account the IC 50 values obtained from growth-inhibition curves, anti-GD2 mAb enhanced the chemosensitivity of the GD2 expressants for SN-38, paclitaxel and vinorelbine by 5-to 8-fold (Table I) . On the other hand, when enhancement of the cytotoxic effects of anticancer drugs by anti-GD2 mAb was calculated from growth-inhibition curves, CDDP showed the highest value among these six drugs. Enhancement of cytotoxicity of CDDP and the other drugs amounted to 68% and 26-39%, respectively (Table II) .
Anti-GD2 mAb enhanced apoptosis of lung cancer cells induced by CDDP in a dose-dependent manner This enhancement effect of CDDP cytotoxicity by anti-GD2 mAb depended on the antibody concentration ( Fig. 2A) . When the degree of apoptosis induced by CDDP alone and CDDP plus anti-GD2 mAb treatment was compared by DNA fragmentation assay, cells treated with the two agents showed apparently more DNA ladder formation than cells treated with CDDP alone (Fig. 2B ). Cells treated with only anti-GD2 mAb also showed a low level of DNA ladder formation. The dose-dependent cytotoxic effect of anti-GD2 mAb against four lung cancer cell lines, in addition to D18, with various levels of GD2 expression was analyzed. GD2 expression was presented as % positive as determined with flow cytometry (Fig. 3A) . Two SCLC cell lines with high GD2 levels showed lower % survival, and the other two lines showed higher % survival (Fig. 3B) . The cytotoxicity was dependent on the antibody concentration. Moreover, enhancement of the chemosensitivity of these cells by anti-GD2 mAb was tested by MTT assay (Fig. 4, A-D) . Not only high GD2 expressants such a) Enhancement of cytotoxic effects of anticancer drugs by anti-GD2 mAb was calculated from the growth inhibition curves presented in Fig. 1 . Enhancement of cytotoxicity=% survival by drug alone−% survival by drug plus anti-GD2 mAb at the points where the subtracted values were maximum for individual drugs. 4 cells/well for ACC-LC-91 (C)) were seeded in 96-well plates, treated with or without 20 µg/ml of mAb 220-51 in the presence of CDDP at the concentration indicated for 48 h, and subjected to MTT assay. Results are presented as in Fig. 1 . GD2 expression levels are presented in Table  III . NCI-N417, ACC-LC-80 and ACC-LC-171, small cell lung carcinoma; ACC-LC-91, large cell lung carcinoma. , none; , mAb 220-51.
as NCI-N417 and ACC-LC-171, but also those with low GD2 levels, such as ACC-LC-80, showed reduced IC 50 values of CDDP in the presence of anti-GD2 mAb (Table  III) . These findings suggested that the CDDP plus anti-GD2 mAb combination would be useful in chemo-immunotherapy for GD2-expressing lung cancers. Whether large cell lung cancers are also susceptible to this approach remain to be clarified. JNK activation is a key event in apoptotic cell death induced by CDDP plus anti-GD2 mAb combination treatment To investigate the mechanisms of enhancement of CDDP cytotoxic effects by anti-GD2 mAb, phosphorylation levels of JNK, which is often activated during apoptosis induced by stress stimulation, were analyzed after exposure of cells to the six anticancer drugs tested in this study. At the concentration of drugs which showed 20% growth inhibition in 24 h, the highest phosphorylation of JNK was observed with CDDP ( Fig. 5) . To examine whether JNK activation is an important event for the combination effects of CDDP plus anti-GD2 mAb, the time course of the phosphorylation levels of JNK after drug exposure was analyzed. In the case of CDDP alone, JNK activation was observed at 12 h after the addition of CDDP, whereas it was already seen at 6 h after the addition of both CDDP and anti-GD2 mAb (Fig. 6, A and C) . On the other hand, using anti-GD2 mAb alone, at high concentrations, but not apparently at lower concentrations, weak activation of JNK, 54 kDa isoform dominant, was observed after 1 h incubation (Fig. 6, B and D) . These results suggest that JNK activation is a key event in the combination of CDDP plus anti-GD2 mAb.
To confirm this hypothesis, the effect of the JNK pathway inhibitor, curcumin, on the cytotoxicity of the combination treatment was studied. Phosphorylation of JNK was more prominent with the combination than with CDDP alone and activation of caspase-3 was also stronger in this case (Fig. 7A, lane 3) . However, curcumin inhibited not a) The IC 50 s were determined as the concentration of CDDP that showed 50% growth inhibition in MTT assay. Values are means±SD of three independent experiments. * , P<0.05; * * , P<0.01 compared with the drug alone samples. GD2 expression levels (%) were determined by flow cytometry. only JNK phosphorylation, but also caspase-3 activation that was enhanced by anti-GD2 mAb (Fig. 7A, lane 7) . Moreover, in the TUNEL assay, an increase in apoptotic cells induced by combination treatment was also suppressed by curcumin by 63.6% to 30.4% (Fig. 7B) , suggesting that the combination effect was mainly mediated via the JNK pathway.
DISCUSSION
In attempts to apply mAbs reactive with cancer-associated antigens for the treatment of cancer patients, a number of devices have been employed to enhance the tumorkilling effects, to increase the accessibility of antibodies to tumor tissues, 36) and to avoid the xenogeneic immune reaction against mouse immunoglobulins. For example, mAbs have been conjugated with anti-cancer drugs such as neocarcinostatin, doxorubicin or toxin molecules such as ricin A, leading cytotoxic agents to the target sites matching the binding specificity of the mAbs. Conjugates with a radioisotope or immunoliposomal drug have also been tried. Therefore, chemotherapy has been widely combined with mAbs which suppress advantageous factors for tumor cell growth or survival, e.g. anti-glycoprotein P, 37) anti-interleukin 6, 38) anti-EGF receptor, 39, 40) or anti-VEGF. 41) Many of them enhanced the cytotoxicity of chemotherapeutic agents in vitro and in vivo. The combination of chemotherapy with anti-c-erbB2/HER2 or anti-CD20 antibodies has also been attempted [42] [43] [44] [45] with outstanding results. These approaches are especially significant to increase the tumorspecific destructive effects of drugs and to enhance the magnitude of the toxic process.
Even when mAbs are combined with chemotherapy, it is likely to be better if the antigens recognized by mAbs are critical for the survival or viability of cells. A representative example is the Fas/Fas ligand system. A single anti-Fas mAb can, of course, induce apoptosis of cancer cells, and many anti-cancer drugs can sensitize tumor cells to Fas-mediated apoptosis. 46, 47) The reason why this approach is very efficient appears to be because the apoptosis induced with Fas/Fas ligand and that with anti-cancer drugs share the same pathway in their later phase.
Thus, the combination of anti-GD2 mAbs with chemotherapy can be expected to be markedly effective in the therapy of SCLC for many reasons. As reported previously, GD2 is scarcely expressed in the normal human body, while the expression in the tumor cells is clear. Furthermore, GD2 has been demonstrated to play important roles in cell proliferation and invasion of cultured SCLC cells, although the mechanisms remain to be clarified. The most attractive point of anti-GD2 mAbs is that a single use of the antibody can induce apoptosis of SCLC cells via the caspase cascade activation. 31) In view of the antibody specificity to SCLC cells, more efficient and exclusive destruction of tumor cells can be expected when the antibody is used together with anti-cancer agents. In fact, results obtained in the present study clearly showed the enhancing effects of anti-GD2 mAb on tumor suppression with various anti-cancer drugs, based on the unexpected amplification of JNK activation. Among anti-cancer drugs examined, CDDP showed the highest activation of JNK, though all of them induced its activation to some degree. This result corresponds well to the results on the enhancement of cytotoxicity, as shown in Fig. 1 and Table II . Fortunately, the combination of anti-GD2 mAb with CDDP showed a definite enhancement of sensitivity even for Fig. 7 . JNK activation is a key process in the enhanced apoptotic cell death induced by the combination of CDDP plus anti-GD2 mAb. A, D-18 was treated with various combinations of 80 µM CDDP, 20 µg/ml of mAb 220-51, or 5 µM JNK pathway inhibitor, curcumin. Top, combination of the drugs used. After treatment (JNK for 12 h, caspase-3 for 20 h), samples were subjected to SDS-PAGE and immunoblotting (JNK for 10%, caspase-3 for 15%) as described in "Materials and Methods." Upper, phosphorylated JNK; middle, JNK; lower, active caspase-3. B, Suppression of apoptosis by a JNK pathway inhibitor. D-18 was treated with or without 80 µM CDDP, 20 µg/ml of mAb 220-51, 5 µM JNK pathway inhibitor, curcumin, by the combination as indicated at the bottom. After 30 h treatment, apoptotic cells were determined by TUNEL assay as described in "Materials and Methods." low-GD2 expressants and a large cell lung carcinoma ( Fig.  3 and Table III ).
In the analysis of the mechanisms of cytotoxicity of anti-cancer drugs, many of them have turned out to be associated with apoptosis. 48, 49) Activation of the p53 gene is frequently involved in the apoptotic process with anticancer drugs. [50] [51] [52] However, the p53 gene is inactivated in the majority of SCLC cells, and another pathway of apoptosis induction in which p53 is not involved might be present. Indeed, the SK-LC-17 cells used in the present study underwent apoptosis with CDDP via the activation of JNK and caspases. This was confirmed in the experiments with inhibitors of JNK.
JNK/SAPK, a member of mitogen-activated protein kinases (MAPK), is activated by various forms of environmental stresses. 53) JNK activation is one of the responses to genotoxic stresses, including some anti-cancer drugs, 54, 55) and Seimiya et al. demonstrated that JNK positively regulated drug-induced protease activation and apoptosis of U937 cells. 56) In the present study, anti-cancer drugs caused JNK activation to various extents, and anti-GD2 mAb weakly activated JNK. Inhibition analysis showed that this mAb effect was only partly mediated by JNK. Nevertheless, when anti-GD2 mAb and CDDP were combined, markedly enhanced activation of JNK was observed. This effect might be generated by different triggering pathways leading to JNK activation, resulting in synergistic phosphorylation of JNK and subsequent apoptotic events.
The roles of the Fc portions of antibodies in enhancing the antibody function via complement binding, effector recruitment for antibody-dependent cell-mediated cytotoxicity (ADCC) or effector inhibition need to be considered when we think of the in vivo effects of anti-ganglioside antibodies. 57) If these antibody-mediated mechanisms work well, more efficient anti-tumor effects than those observed in vitro may be obtained in in vivo application. Experiments to clarify these points are currently on-going in our laboratory.
Gangliosides, such as GD2 are amphipathic molecules enbedded in the outer layer of the plasma membrane. 1) Therefore, it appears difficult for them to directly mediate apoptosis signals to cytoplasmic signaling molecules. Whether GD2 clustering is important for the apoptosis induction, whether the apoptotic process is triggered in lipid rafts, and what molecule associates with the GD2/ anti-GD2 complex are totally unknown, and remain fascinating themes in research to understand the apoptotic mechanisms of anti-glycolipid mAb.
